Purpose: Local field potential recordings from deep brain stimulation (DBS) leads provide insight into the pathophysiology of Parkinson disease (PD). We recorded local field potential activity from DBS leads within the subthalamic nucleus in patients with PD undergoing DBS surgery to identify reproducible pathophysiological signatures of the disease.
T he acquisition and subsequent analysis of local field potentials (LFPs) during deep brain stimulation (DBS) surgery has not only enhanced the understanding of the pathophysiology of Parkinson disease (PD), but has also provided a potential means for improving the efficacy of DBS as a treatment modality. 1,2 A number of frequency bands, including alpha (8-12 Hz), beta (13-30 Hz), gamma (35-100 Hz), and high frequency (250-300 Hz), have been implicated in the movement-related changes seen in both the PD off-medication ("off") and on-medication ("on") state from DBS lead recordings within the subthalamic nucleus (STN). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The correlation between Parkinsonian "off" state symptoms and excessive beta frequency oscillatory activity has been demonstrated in a number of studies, several of which have shown reduction in beta activity with administration of levodopa or DBS. 5, 10, 16, 17 Despite the growing body of literature on beta frequency oscillations in PD, few studies have focused on comparing beta band activity at rest and then subsequently during continuous repetitive task performance in the "off" state. Androulidakis et al. 4 analyzed continuous repetitive movements of the finger over a 100-second block breaking the data into three segments and found a reduction in beta modulation over time with no change in the main beta frequency. 4 In this study, we recorded raw STN LFP activity from subjects with PD undergoing DBS in the "off" state with the contralateral hand both at rest and during continuous repetitive movement. This type of continuous LFP analysis is different from the previous studies, whereby LFP activity was assessed temporally at isolated intervals either before, during, or after repetitive movements. 3 Our objective was to assess net changes in beta activity between rest and repetitive task conditions summed over a 2-minute epoch using spectral analysis and bicoherence.
METHODS
All data were collected after institutional review board (15122701-IRB01) approval. Informed written consent was obtained from all subjects. The imaging, microelectrode recording, and implant methods have been previously described. 18, 19 In brief, all patients underwent stereotactic frame-based placement of bilateral DBS leads using direct MRI-guided targeting as well as microelectrode recording for target refinement. Once the optimal track was identified for implantation, the DBS lead was inserted. Lead location was confirmed using intraoperative CT (O-arm; Medtronic, Minneapolis, MN) merged with preoperative MRI/CT images. An average number of 1.55 microelectrode recording tracks were performed on each side (min ¼ 1, max ¼ 3). Once the leads were implanted, and before macrostimulation testing, 20 the LFP recording testing protocol was performed.
All data were acquired on an Alpha-Omega Neuro Omega system (Alpha-Omega, Nazareth, Israel). All data were analyzed using a bipolar montage. In most cases, STN LFPs were recorded from each lead in a bipolar electrode configuration (0-1, 1-2, 2-3). Data for the other electrode pair were recorded in a referential electrode configuration (1, 2, 3, and 4 to reference that was placed in the skin near the surgical opening). This referential data were then mathematically remontaged into a bipolar montage in MATLAB Ò (Mathworks, Natick, MA). Given that new leads have eight electrode channels, all data are now recorded in a referential mode and remontaged to include all the separate electrodes in a ring to get a similar data pattern for the four channel electrodes. The output of each lead was connected to a custom-made cable that converted the output of each individual lead at the end of the specific DBS lead manufacturers testing cable to differential amplifiers. The data from the first two hemispheres were converted to a differential signal within an inhouse MATLAB (Mathworks) subroutine. The data were sampled at a sample rate of 1,375 Hz with a gain of 55,000. The high pass filter was set at 1 Hz, and the low pass filter was set at 300 Hz. A 60-Hz line filter was used to reduce the line noise. The outer guide cannula for the lead acted as the isoground. Data were stored on the Neuro Omega system and then transferred to a personal computer for further analysis, which is described below. After surgery, the data were converted to the MATLAB format through an Alpha-Omega conversion routine and then imported into MATLAB. Only the four channels of raw LFP data were analyzed.
Subthalamic nucleus LFPs were collected under two conditions: with the contralateral hand at rest and during a continuous repetitive movement. In the resting condition, the subjects were asked to relax both arms at their sides. After obtaining a stable baseline signal, LFPs were then recorded continuously for 120 seconds. The data were visually reviewed in real time to identify signal artifact or excessive noise. If signal artifact or excessive noise was identified, the signal acquisition was halted and restarted. During the continuous movement phase of testing, subjects were instructed to perform a self-initiated hand openingclosing maneuver for 120 seconds at a speed that was comfortable for them. They were also encouraged to perform maximum amplitude open-close movements and were continuously observed during the recording period for consistency and uniformity of movement. Notation was also made of any tremor activity (none was noted). If the motor task was interrupted or inconsistent, signal acquisition was halted and restarted. During the 120-second period of data collection, the subjects were intermittently reminded to open the hand wide and close it tightly. Once again, the data were reviewed in real time for signal artifact and noise. If more than 2 seconds of data were deemed corrupted, the trial was restarted.
All data were analyzed using custom-made scripts and built-in functions of MATLAB. The time series, x(t), were broken into 100 epochs of 1,024 points length. The mean of the data epoch was calculated and then subtracted from all points in the epoch. The fast Fourier transform was then performed. Power spectral density was calculated by taking the absolute value of the complex fast Fourier transform terms and then averaging them over the 100 epochs for each frequency value.
The frequency resolution at this fast Fourier transform point size was 1.34 Hz.
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where X(f) is defined as:
e 2 ivt xðtÞdt: Figure 1 represents the log power spectra from patient 1 during movement.
The bispectrum was calculated using the methods described by Shils. 21 In short, the bispectrum is a measure of the interaction strength, or coupling, between two different frequencies and is defined as:
where ,. is the average over multiple time epochs, B(v 1 , v 2 ) is the bispectrum, v ¼ 2pf, and the value in the ,. is the triple product. When frequencies v 1 , v 2 , and (v 1 1 v 2 ) are independent of each other, the bispectrum will be small. Given that the bispectrum is related to the overall power in the signal, the bicoherence is what is used to determine the significance of the bispectral values. There are multiple forms for the bicoherence (Fig. 2 in Ref. 21 for examples of the bicoherence); yet, for the purposes of this work, the Kim and Powers (1979) definition was used
q which ranges between 0 and 1. Shils demonstrated that for a large number of averages (at least greater than 30) under the null hypothesis of no significant interaction between the 3 different frequencies in the triple product, the 95% confidence threshold for G(v 1 , v 2 ) can be approximated by
Comparison of raw signal (dark gray line), 7th order polynomial fit (black line), and removal of 1/f noise out to the Nyquist frequency (light gray line). The beta frequencies were easily recognized at around 25 Hz while the 60-Hz noise spike was also seen.
where N is the number of epochs used in the analysis, which for this study was 100. 21, 22 The significance level for this study is 0.25.
The beta band peak power frequencies were defined (beta peak) following the method of Swann et al. 12 with some modifications. 12 The data were normalized using a 7th order polynomial fit to correct for the 1/f noise pattern in the data. (Fig. 1) . The 7th order polynomial was chosen by running the fit at multiple orders 1, [3] [4] [5] [6] 20, [23] [24] [25] [26] and looking at the least square error for every order. The first 6 polynomial fits had errors greater than 20% where the 7th had an error of 15.4% with minimal reductions as the order increased (,1% for each order increase). The least error was defined as the total sum of the squared difference between the fitted polynomial and the original data set. The polynomial fitted data were then subtracted from the original power spectral density data set. Figure 1 shows the overlay of all the above procedures out to the Nyquist frequency. The beta frequencies are easily recognized at around 30 Hz while the 60-Hz noise spike is also seen.
This was conducted for both the resting and movement data sets (Fig. 2) . Once the 1/f noise was removed, the data were normalized by subtracting the mean from the data and dividing by the SD.
Next, the beta peaks were located in both of the data sets by visual examination of all data within the beta band (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . Once the beta peaks were located, the data set was truncated to 64 Hz surrounding the peak frequency. The amplitude at the peak beta value was compared in the rest condition versus the movement condition using the Wilcoxon rank sum test. To ensure that removal of the 1/f noise did not change the characteristics of the signal, data for two patients were analyzed without using the 1/f noise correction method.
Postoperative programming and selection of optimal stimulation contact(s) were performed using clinical criteria. Programming neurologists (G.P. and L.V.M.) were blinded to the LFP data analysis and results.
RESULTS
Local field potentials were recorded in seven patients (11 total hemispheres) undergoing STN DBS surgery (4 bilateral, 3 unilateral, Table 1 ). The average age of the patients (6SD) was 59.4 6 9 years. Forty-three percent of subjects were men. The average duration of PD (6SD) was 8.86 6 3.8 years. Six patients were implanted with the Medtronic Model 3389 lead (Medtronic), and 1 patient was implanted with the St. Jude Medical Infinity directional lead (Abbott, Chicago, IL).
FIG. 2.
Comparison of power spectra between rest (black) and movement (gray). In all hemispheres, the beta peak in the movement data set visually appeared greater than the beta peak in the baseline data set. Adequate LFP signal was obtained in 10 of 11 hemispheres. There were no differences in beta peak characteristics and subsequent statistical comparisons when analyzing either the raw signal or the signal with the 1/f noise pattern removed in two patients; thus, the 1/f data were analyzed. The bipolar contacts that provided the most robust LFP signal were used for subsequent analysis and are shown in Table 2 . The optimal contacts chosen for therapeutic stimulation after programming from two experienced movement disorder specialists (L.V.M. and G.P.) are also shown in Table 2 . The contacts that provided the most robust LFP signal corresponded to the same contacts chosen for therapeutic stimulation in 9 of the 10 hemispheres.
Spectral Analysis
In all the 10 analyzed hemispheres, an increase in beta power was observed during movement (red line) in comparison with rest (blue line) (Fig. 2) . This increase in beta power achieved statistical significance (P , 0.05) in 6 of the 10 hemispheres when compared with resting beta activity ( Table 1) . There was no difference in the location of the beta peak between the raw power spectral density data and the data with the 1/f power removed. In all cases, the beta peak in the movement data set visually appeared greater than the beta peak in the resting data set; yet, in four hemispheres, the beta peak amplitudes were not significantly different. In three of those hemispheres whereby the beta power was not significantly different between movement and rest, the patients were predominantly bradykinetic.
Bicoherence
Changes in bicoherence between rest and movement can be seen in Fig. 3 . There was significant coupling within the beta frequency band and its first harmonic seen at rest (Fig. 4A ) and with movement (Fig. 4B) in 5 of the 10 hemispheres. For each bicoherence figure, all data above 0.25 are significant to the 95% confidence interval. 21 In each plot, the colored surfaces represent an area of bicoherence values with the x-axis representing f 1 and the y-axis representing f 2 . In some cases, due to spectral spreading, as a result of fast Fourier transform resolution and filtering artifact, there is spread of the bicoherence from a significant value in the middle to insignificant values. In Correlation between the two were based on the contact chosen as the active contact or cathode ("2" sign immediately after the numbered contact) and its coincidence with one of the recorded LFP contacts. Italicized entries indicate mismatched contacts.
LFP, recorded LFP contact pair; active, contact(s) chosen for programming; "2" indicates cathode contact; "1" indicates anode contact.
*Inadequate LFP signal. LFP, local field potential.
FIG. 3.
Analysis of bicoherence showed no significant (P . 0.05) beta coupling at rest in five out of 10 hemispheres (A). Significant beta coupling during movement was seen in three of the five hemispheres (B), and no beta coupling was seen in the remaining two hemispheres (C). The 95% confidence interval is 0.25. The xaxis represents frequency f 1 in Hz, and the y-axis represents frequency f 2 in Hz. The colors in the plot represent the bicoherence values at f 1 , f 2 , and f 112 . Each central point is surrounded by an area of nonsignificant bicoherence because of spectral spreading related to the spectral estimate of the FFT. FFT, fast Fourier transform.
addition, there are some areas outside of the alpha and beta bands that look like there is some coupling (see blue surfaces at f 1 (f 2 ) ¼ 26 Hz and f 2 (f 1 ) ¼ 9z). In reviewing the raw data, these areas are artifact due to mathematical rounding errors (e.g., 1e 29 /1e 215 ). For each plot, the data are symmetric around the diagonal; thus, only half the plot is analyzed. There was no coupling seen at rest in the remaining five hemispheres (Fig. 3A) . With movement, coupling was demonstrated in three of these five hemispheres (Fig. 3B) . There was no coupling seen during movement in the remaining two hemispheres (Fig. 3C) .
DISCUSSION
We report a persistence of net beta band activity during continuous movement that further increases in power with respect to rest in the PD "off" state when summed over a 2-minute epoch. This increase in beta activity reached significance in 6 of the 10 recorded hemispheres. Interestingly, significance was achieved in four of the five tremor dominant hemispheres, but only in two of six bradykinesia dominant hemispheres. Although our sample size is small, this correlation implies that significant changes in beta power may be more specific in patients with tremor predominance. Further analysis of these findings is warranted.
Although a number of studies have implicated excessive beta activity in the PD "off" state, they have only indirectly demonstrated that an excess of STN beta activity is a reliable biomarker of the "off" state. 2, 10, 11, 27 Furthermore, while beta oscillatory activity has been shown to decrease before taskoriented movement (event-related desynchronization) in patients with PD, 23, 27, 28 our findings of increased beta activity measured during continuous repetitive movements as opposed to rest are reflective of the net summation of beta oscillatory activity over a 2-minute recording (in contrast to temporal analyses of beta power before, during, and after a task-oriented movement shown in the previous studies). Our finding of excessive beta activity that escalates during repetitive hand grasp movements implies that it may not only be the presence of beta frequency activity alone but instead relative changes in beta power between rest and movement that are a more specific signature of the Parkinsonian "off" state. In addition, this finding adds to the work of Johnson et al. in which it demonstrates that as the patient with PD tries to move over a continuous period, the beta energy increases, and thus, only locating the beta power may not be as beneficial as using changes in the beta power to help modulate closed-loop DBS systems. 2, 7, 29 Marceglia et al. 10 found that the administration of L-dopa reduced cross-frequency coupling in the analyzed hemispheres of PD patients with DBS. In our study, harmonic coupling within the beta band during rest and movement was less reliable biomarkers among our subjects. We found significant bicoherence of LFP rhythms at rest in 5 of the 10 hemispheres, whereas nonsignificant coupling at rest and during movement was seen in three hemispheres. Given the increases in beta power seen in all hemispheres, one would expect to see a greater number of hemispheres with significant cross-frequency coupling within the beta band.
We also found a correlation between optimal LFP signal recorded from contact pairs and those chosen for stimulation postoperatively in nine of the 10 hemispheres. This finding is in agreement with several other studies [13] [14] [15] 30 (Yoshida et al., 2010; Zaidel et al., 2010; Telkes et al., 2016; and van Wijk et al., 2017) and supports the notion that real-time LFP analysis may be useful in determining optimal placement of the DBS electrode during surgery. Furthermore, beta band activity in PD has been considered a potential biomarker of the "off" state for modulation by adaptive DBS technology. 2 This study adds to the current body of literature regarding closed-loop paradigms aimed at exploiting changes and patterns of the recorded LFP signal. Presently, some strategies focus particularly on changes in STN beta activity itself, while others focus on exploiting the communication (phase-amplitude coupling) between cortical broadband beta and gamma activity and STN beta activity. 2, 25, [31] [32] [33] As implantable closed-loop systems move toward clinical implementation, further understanding of the neurophysiological underpinnings of the basal ganglia circuit, in particular the STN, is critical in the optimization/engineering of these closed-loop devices. 29 In addition, as the number of contacts on the implanted lead increases, more anatomic and physiologic data from the active contact(s) will help focus the current space and offset the spatial complexity of the new stimulating patterns generated by these additional leads. 26 The goal of this study was to compare STN LFP activity between rest and movement in each hemisphere over a predetermined two-minute epoch. This study has several limitations. To make adequate comparison between rest and movement, we analyzed the LFP signal over a 2-minute interval and did not assess temporal changes of the signal over the time course of each individual movement. Recordings were also started with the subjects' hand already moving. This likely explains why our findings of increased beta power during movement differ from those of previous studies where a decrease in beta power was observed just before the initiation of movement. Specifically, Oswal et al. 34 observed both a beta band desynchronization and gamma band synchronization just before movement that was then followed by an increase in beta power. Beta power was also found to be decreased with increased task complexity just before movement. 34 Imbach et al. 35 demonstrated beta band desynchronization during the execution of 2 different motor tasks (grip vs. press) when assessing the event-related potential 250 milliseconds before and after the task. Furthermore, Fischer et al. 24 recently demonstrated a reduction in beta power during imagined levels of grip strength when assessed over a 4-second epoch. Thus, comparing beta activity over a two-minute interval lacks the temporal resolution required to assess and subsequently interpret the LFP signal in real-time to provide the appropriate feedback stimulus in a closed-loop system. However, by choosing a noncomplex, stereotyped movement, we still believe that comparisons between rest and movement, although simplified, are of value. Androulidakis et al. 4 have previously demonstrated that STN beta activity is amplitude-modulated over time with repetitive movements in the PD "off" state. Importantly, in that study, the LFP signal was analyzed temporally over a 100-second time span and comparisons of the LFP signal were not made to the resting state. 4 By contrast, we recorded LFP data during stereotyped movement and rest for direct comparison. Another limitation is that we did not use an accelerometer, goniometer, or electromyography (EMG) to correlate with LFP recordings. Rather, the motor task was observed for accuracy and consistency by the examiner, which is a qualitative assessment. All subjects included in the study consistently performed the motor task throughout the recording period. Of note, this study was aimed at analyzing beta frequency as a function of continuous repetitive movement over a predetermined epoch rather than analysis based on movement related to a specific trigger. Although EMG may have provided utility in assessing the impact of tremor-related movement artifact on the task or at rest, none of the tremor predominant patients exhibited their phenotypic tremor during LFP recordings. Therefore, additional EMG data would unlikely have had a significant impact on our findings.
In patients with PD, beta band activity that increases with movement may be an exploitable signature of the "off" state.
Further investigations should be aimed at refining techniques to identify the beta rhythm and understanding how this signal changes in relationship to other LFP signals.
